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Ceramics can play a remarkable role in the engineering of intermediate 
temperature solid oxide fuel cells(IT-SOFCs) capable of meeting the ambitious 
targets of reduced cost and improved lifetime. The electro-spray 
deposition(ESD) method has been successfully applied to fabricate the dense 
Yttria-stabilized Zirconia(YSZ) electrolyte layer and Gadolinium-doped 
Ceria(GDC) buffer layer of the Solid Oxide Fuel Cells with ceramic powders. In 
our experiment, we applied ESD method to fabricate the uniform and porous 
GDC-Lanthanum strontium cobaltite(LSC) cathode functional layer(CFL) and 
LSC current collector cathode layer(CCCL). The ESD process is proceeded with 
the electro-spray precursor solution which is composed with different ceramic 
powders and polyvinyl-pyrrolidone(PVP) or polyvinyl butyral(PVB) additives. 
In this thesis, we mainly explore the change of the structure and morphology of 
cathode with the different deposition temperature via electro-spray process 
and by utilizing the results of scanning electron microscopy(SEM) images and 
advanced rheometric expansion system(ARES), we analyze the reasons and put 
forward to some credible assumptions which can account for the results. 
Ultimately, by comparing the electrochemical characterization of the SOFCs, we 
extrude the superiority of the crack-free cells and conclude a simple and 
convenient way to fabricate crack-free and uniform cathode layers in PVP-
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Chapter 1. Introduction 
Thin film solid oxide fuel cells(SOFCs) have attracted world-wide research 
interest because of their huge potential for power generation in stationary and 
potentially high energy-density. They also have advantages like the pretty lower 
emissions of sulfur and nitrogen oxides, significant reduction of CO2 emissions 
and the convenience of directly converting chemical energy into electrical 
energy.  
There are several ways to fabricate the SOFCs, like screen printing, atomic 
layer deposition(ALD) and pulsed laser deposition(PLD). Among them, the 
screen printing technique is the most widely used process because of its 
convenience and character of quantity production. However, during the screen 
printing process, it is hard to fabricate the precursor and difficult to apply 
surface patterning. ALD and PLD process may have potential to fabricate the 
SOFCs with higher performance because of their thinner layer deposition 
technique but both of the process need more rigorous condition like vacuum 
circumstance, and they are both difficult for quantity production. 
In this paper, we employed the electro-spray method to fabricate the SOFCs. 
Electro-spray deposition is the technique using the nozzle filling with the 
specific precursor solution and in the condition of high voltage, the solution 
would emit from the metal tip in the shape of nano-scaled liquid drop. The liquid 
drop would be uniformly deposited on the sample which was displayed on the 
grounded metal plate. The spray precursor solution was consisting of ethanol 
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solvent, ceramic powder as well as polymer(PVP or PVB) dispersant. The whole 
process was easily controlled by adjusting the voltage or changing the content 
of spray precursor. 
 
 
Figure 1 Preparation process of the EDS precursor solution 
 
The electro-spray deposition technique provides the potential to produce a 
large variety of ceramic thin films. And comparing with other deposition 
techniques, the ESD technique is particularly advantageous in changing the film 
morphology by adjusting the deposition conditions, films of different surface 
morphologies, ranging from dense to very porous, were obtained by ESD. In 
addition, the ESD process gives the advantages of simple and cheap device, ease 
of upscaling, wide choice of precursors, high deposition efficiency, easy 
composition control, and flexible ambient atmosphere operation. In a word, ESD 
is a fast and convenient way to deposit pure, composite or graded oxide layers. 
It is less expensive than other deposition techniques, which typically require 
vacuum process or complicated precursor, and it is also highly flexible, allowing 
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for a large selection of materials to be deposited. 
 
Figure 2 Schematic illustrations of polymer-assisted ESD process 
 
However, during the experiment of fabricating the SOFCs using polymer 
assisted ESD process, the cathode may arise the problem like de-bonding 
phenomena or cracks formation. These kinds of phenomena ultimately 
influence the total performance of SOFCs since they will reduce the reaction 
area in cathode layers and influence the ion conducting pathway between the 
electrolyte and cathode. We assumed that the polymer we used in the 
deposition process may be the main reason that caused these kinds of problems 
and through the experiments, we concluded that the cathode’ structure and 
morphologies would change a lot with the different deposition temperature via 
ESD process. In this thesis, we reported a systematic study of the influence of 
the deposition temperature in the polymer assisted ESD process and put 
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forward to some credible assumptions to our results.   
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Chapter 2. SOFCs’ fabrication process  
During the experiment, we utilized the commercial cell (NaraCellTech) which 
was composed of NiO-YSZ anode and YSZ electrolyte. The anode was made by 
powder pressing process with NiO and YSZ granules mixing with 
polymethylmethacrylate(PMMA). The electrolyte was made by screen printing 
process and composed of Yttria-stabilized Zirconia(YSZ) whose thickness was 
around 4~5 μm. GDC buffer layer and composed cathode layer were deposited 
on it. Disks of commercial cell were about 20 mm in diameter and 1 mm in 
thickness. 
Composite cathodes were composed of cathode functional layer(CFL) and 
cathode current collector layer(CCCL). CFL is a mixture of LSC and the buffer 
layer material GDC, it is regarded as promising cathodes for the intermediate 
temperature solid oxide fuel cells. Also, the CFL will prevent the thermal 
mismatch during the high temperature annealing process between the cathode 
and electrolyte. The more porous CCCL is composed of the pure LSC, whose 
structure can promote the gas diffusion. The composite electrodes not only 
provide very effective electronic and ionic pathways to electrode/ electrolyte 
interfaces, but also enhance the injection of mobile charged oxygen surface 
species into the YSZ electrolyte. In addition, the CFL consisting of the GDC and 
the LSC have better electrochemical performance than the cathode consisting 
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of LSC alone. 
 
Figure 3 Schematic illustrations of the function of dispersant 
 
During the process of the polymer-assisted electro spray deposition to 
fabricate a SOFC, the polymer plays the role of dispersant in the precursor 
solvent. They enhance the powders to be more dispersive. Each dispersant unit 
adhere to the individual particles’ surface and divide the particles from 
agglomeration. After dispersive, they also prevent the particles from re-
agglomeration due to electrostatic repulsion and steric repulsion, meanwhile, 




Figure 4 Difference between PVP applied LSC cathode and not 
applied cathode 
 
Figure 4 shows the difference between the PVP-applied LSC cathode and only 
LSC ceramic powders deposited cathode. We can definitely find that in the only 
LSC powder applied cathode, the powders get agglomerated and present the 
ball-shaped morphology. On the contrary, in the PVP-assisted LSC cathode, the 
particles are more dispersive and uniform so that increase the reaction area and 
enhance the final performance of the cells. Therefore, the polymer utilization is 





2.1. GDC layer fabrication 
Since the chemical reaction between the LSC and the YSZ may cause a 
degradation to the composite cathode, we need to deposit a thin GDC layer 
between the YSZ electrolyte and composite cathodes layers to avoid the direct 
contact. This kind of GDC thin layer is named after buffer layer or barrier layer, 
however, this layer will participate in the electrochemical process during the 
cells’ working time. Since the GDC layer will increase the ohmic loss, we should 
deposit the GDC layer as thin as possible to insure the final performance of the 
cells. 
The precursor solution of the GDC layer is consisting of GDC powder (Rhodia, 
640nm) and PVB dispersant(Sigma-Aldrich) and dissolved in the 99.9wt% of 
ethanol. The GDC powder and PVB dispersant take up 2 wt% of the ethanol 
respectively. Before mixing into the PVB dispersant, the precursor dissolved in 
the ethanol should go through the ball-milling process. Since the ball-milling 
process will make the powders dissolved more dispersive and reduce the 
agglomeration. The ball-milling process takes up about 24 h with the rotation 
rate of 150~160 r/min. After adding the PVB dispersant, we utilize the sonic 
device to get the precursor more dispersive. 
The GDC layers were deposited on the commercial cells with a pre-
determined optimum process condition such as solution flow rate 0.2 ml/h, 
nozzle-substrate distance 5.5 cm, deposition time 1 h, applied DC voltage 7.1kv. 
After depositing 30min, then the samples were sintered in the furnace. The 
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sintering process like below: 
⑴ Post-annealed the sample to 200℃ at a heating rate of 2℃/min. 
⑵ Maintained at 200℃ for 2h. 
⑶ Annealed to 400℃ at the same heating rate. 
⑷ Maintained at 400℃ for 2h. 
⑸ Annealed to 1250℃ at the heating rate 2℃/min for 6 h. 
⑹ Maintained at 1250℃ for 2h. 
⑺ Gradually cooled the furnace to the room temperature in 5 h. 
 
 
Figure 5 SEM images of the GDC layer 
 
 
As shown in the figure 5, the GDC layer was about 300nm thick and pretty 
dense after sintering process. It uniformly covered the YSZ electrolyte and 
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adequately prevent the chemical reaction between the YSZ electrolyte layer and 
Cathode. 
 
2.2. Cathode layer fabrication 
As mentioned above, the cathode layer was composed of CFL and CCCL. CFL 
not only enhance the electrochemical performance of the cells, but also prevent 
the thermal mismatch during the annealing process.  
The precursor solution of the CFL consisted of LSC(Kceracell) powder and 
GDC powder, whose mass ratio was 1:1, whose weight percent was 2.5wt% 
respectively. The solvent we applied was 94.5wt % ethanol. After ball- milling 
process, we added 5wt% PVP as the dispersant.  
The CFL precursor solution was deposited on the GDC layer after annealing 
process. The flow rate was 0.2 ml/h, nozzle-substrate distance 4.5 cm, 
deposition time was 30 min and applied 5.8 kv DC voltage. 
After depositing the CFL, we directly deposited CCCL before annealing 
process. The preparation process of the CCCL precursor solution was similar to 
the CFL. The solution was composed of 10wt% LSC and 10wt% PVP dispersant 
dissolved in 94.5wt% ethanol. 
The ESD condition of the CCCL was the same as the CFL except the DC voltage 
was increased to 6.8 kv. And the deposition time also increased to 1h to insure 
the sufficient height of the cathode layer. 
After all of the deposition process, we turn to annealing process. The 
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annealing steps of the cathode layer was like below: 
⑴ Post-annealed the sample to 200℃ at the heating rate 2℃/min.   
⑵ Maintained at the 200℃ for 2 h. 
⑶ Annealed to 400℃ at the same heating rate. 
⑷ Maintained at the 400℃ for 2 h. 
⑸ Annealed to 950℃ at a heating rate of 2℃/min for 5 h. 
⑹ Maintained at the 950℃ for 1 h. 
⑺ Gradually cooled the furnace to the room temperature in 4 h. 
The integrated cells which were composed of anode, electrolyte, buffer layer, 




Figure 6 SEM images of (a)CFL (b)CCCL (c)integrated cell 
 
From the figure 6, we could estimate that after the deposition and annealing 
process, the CFL and CCCL were uniformly deposited on the GDC layer. And the 
cathode layer was thick enough to take place the electrochemical reaction. The 





Chapter 3. Crack-free cells’ fabrication process 
After fabricating the cells followed the steps mentioned above, we found 
there were many cracks on the surface of the cathode layer.  From the research 
of the other experiments, the cracks occurred in the cathode layer are mainly on 
account of the thermal stress. And these cracks in the cathode may reduce the 
reaction area so that influence the ultimate performance of the cells.  
 
Figure 7 SEM images of cracks formation in the cathode layer 
 
However, in the PA-ESD process to fabricate the SOFCs, the polymer 
dispersants are the main materials which are much more sensitive to the 
temperature than ceramic powders, which may cause a major thermal stress in 
the cathode layers. 
Therefore, in order to decrease or remove the cracks in the cathode layer, we 




⑴ The polymer species. 
⑵ The amount of polymer applied as dispersant. 
⑶ The deposition temperature via ESD process. 
But what we can learn from the previous experiments, the polymer we can 
apply mostly in SOFCs’ PA-ESD experiments, PVP and PVB are available. 
However, the PVB content in the precursor solution can’t be too high. Because if 
the PVB content is too high, when the voltage is applied, the PVB will form the 





3.1. Adjusting the PVP polymer content 
In order to analyze the connection between the polymer amount and cathode 
cracks formation. We displayed 4 groups of experiments. The amounts of PVP 
polymer in CCCL respectively were 2wt%, 5wt%, 10wt%, 20wt%, accordingly, 
the amount in CFL were 1wt%, 2.5wt%, 5wt%, 10wt%.  The ratio of the PVP 
content and ceramic powder content was 1:1. So, in the CFL, the ratio of the GDC 
powder was 0.5wt%, 1.25wt%, 2.5wt%, 5wt%. And in the CCCL, the ratio tend 
to be 1wt%, 2.5wt%, 5wt%, 10wt%. 
The process of the ESD deposition and annealing was same to the steps 
mentioned above, the only difference was when the powder content changed, 









Figure 8 SEM images of the different PVP content cells 
 
The figure 8 showed the SEM intuitionistic results of each experiment. We can 
estimate from the SEM images that the polymer amount may influence the 
morphology and structure of the cathode, but can’t remove the formation of the 
cracks at all. Even though the cracks formation may be controlled when the 
weight percentage of polymer and ceramic powders are low, the cracks still 
17 
 
happened. And the smaller the content of the ceramic powders, the longer the 
deposition time. So, changing the PVP polymer amount to remover cracks 
seemed to be infeasible. 
 
 
3.2. Adjusting the deposition temperature 
At first, the reason why we put forward this assumption was that the PVP is 
one of the polymer and as we know, nearly all kinds of polymer are very 
sensitive to the temperature. Including the change of shape, viscosity and 





Figure 9 Only PVP deposited on the YSZ electrolyte and annealed to room 
temperature, 200℃ and 400℃ 
 
Figure 9 showed the SEM results of the morphology variation trend when 
sintered the only PVP deposited cells. When only PVP was deposited on the YSZ 
electrolyte, it presented the ball-shaped structure and deposited unevenly. But 
when the temperature is up to the 200℃, the polymer became a uniform 
membrane. When up to 400℃, PVP polymer was evaporated and there were 
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just bare YSZ left.  From this, we can speculate that these kinds of initial 
morphologies’ difference might have great influence to the ultimate cathode’s 
final structure and morphology. Therefore, in order to explore the connection 
between the deposition temperature and the formation of cracks in the cathode, 
we displayed the following experiment. 
As the intrinsic character of the polymer revealed, the polymer shape and 
modulus(E) change a lot when the temperature is ascending, especially near the 
glass transition temperature(Tg), this kind of change is tremendous So, we 
assumed that the Tg is the significant parameter during the experiment. 
Therefore, we utilized differential scanning calorimeter(DSC) to measure the 








Figure 10 The DSC result of the (a) only PVP and (b) PVP+LSC 
 
Figure10(a) showed the DSC result of the PVP, which revealed the glass 
transition temperature(Tg) of PVP was about 125℃. To figure out the influence 
of the LSC powder to the Tg of the PVP, we added the same mass of LSC powder 
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to the PVP polymer and tested DSC again. The figure6(b) showed the result of 
the Tg of the LSC and PVP mixture. From the comparison, we can conclude that 
the LSC may influence the Tg of the powder, but not distinct.  
 
 
Figure 11 Schematic illustrations about the three temperature regions 
 
Since the Tg of the PVP is around 125℃, we chose the three different 
temperature regions to verify our assumptions. The first region whose 
temperature was lower than Tg, we chose room temperature as the deposition 
temperature. In the second region, we chose 120℃ as deposition temperature, 
which is inter-glass transition temperature region and last one, we chose 200℃, 
which is much higher than Tg.  
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After depositing the CFL and CCCL, we sintered the samples followed the 
steps mentioned above. At this point, we should be careful that the cathodes’ 
thickness will change if we adjust the deposition temperature. So, we 
accordingly adjust the deposition time to get the similar cathode thickness so 
as to compare the final performance. The SEM results of the samples were 
showed in figure 12 
 
Figure 12 SEM images of cathodes deposited at room T, 120℃ and 200℃ 
 
Judged from the figure 12, it was obvious that the sample deposited at the 
120℃ had much more uniform and crack-free structure and morphology.  The 
samples deposited at room temperature and 200℃ were full of cracks. For the 
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further certification, we had tested the samples deposited with 80℃ and 160℃, 
too. The result was showed in figure 13. 
 
 
Figure 13 SEM images of cells deposited at room T, 80℃， 120℃，  
160℃ and 200℃ 
From the figure 13, we can estimate that the cells deposited at the 80℃ and 
160℃ conformed to the trend we have thought above. And clearly, the sample 
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with 120℃ deposition temperature was best both in structure and morphology. 
The result of this group of experiments showed us that when the deposition 
temperature was around 120℃, the PVP assisted cathode will form the uniform 
and crack-free structure and morphology, and the 120℃ is in the vicinity of the 
PVP’s glass transition temperature 125℃.  
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Chapter 4. The results of the cells’ test 
We have obtained two kinds of cells above, one is the cells full of cracks in the 
cathodes, the other is the crack-free cells deposited at 120℃. In order to 
compare the total cells’ performance and check the influence of the cracks 
formation to the cells, we tested the cells with the three different deposition 
temperature-room temperature, 120℃and 200℃(Figure 14). It should be 
noted again that the cells used to deposit the GDC and cathode layers are all the 
same commercial cells from Nara-cell tech to minimize the other components’ 
uncertainties in the experiment. Table 1 showed the testing result of the three 
cells. To clarify the dependence of the samples’ electrochemical performance, I-
V characteristics, and EIS results of the three different cells, we obtained the 


























From the figure 15, all the measured OCV value of ~1.1V approached the 
theoretical value, indicating that the SOFCs we made were credible. And the 
maximum power density at 650℃ are 350mW/cm2, 446mW/cm2 and 
347mW/cm2 with the deposition temperature at room temperature, 120℃and 
200℃ respectively. Also, when testing temperature are 600℃ and 550℃, the 
maximum power density also emerged at 120℃ deposition temperature. And 
from the figure, we can estimate that the lower the testing temperature, the 
better the crack-free cathode performed, too. The Pmax at the deposition 
temperature 120℃ increased over 27.4% and 28.5% than deposited at room 














AC impedance spectroscopy was carried out to further reveal which cell 
performs better. The results obtained during the testing temperature was 650℃, 
at the working voltage-OCV, 0.75V and 0.55V. From the figure,we can conclude 
that the cell which was deposited at 120℃ had better ohmic loss and 
polarization loss than the other two samples.   
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Chapter 5. Analysis 
To figure out the reason why the cracks formation changes a lot with the 
deposition temperature, we have discovered the phenomenon with two 
different ways. One of them is using SEM images of different temperature 
annealed cells, to find the morphology and structure changing trend and 
intuitively observe the transformation. The other way is that making use of the 
stress measurement, to find out the internal stress variation trend in the 
cathode layer with different annealed temperature, and objectively depict the 
connection between the internal stress changing trend and the deposition 
temperature in the form of the rough graph. By using this graph, we can also 
nervily put forward some assumptions to account for the crack formation 
reasons 
 
5.1  Analysis from SEM images 
To intuitively observe the variation trend in structure and morphology of 
cathodes with different deposition temperature, we have prepared the samples 
deposited at room temperature, 120℃ and 200℃, then annealed these 
samples to the raw condition, 200℃, 400℃ and 950℃. From the figure 17, we 
can easily estimate that with the different deposition temperature, the initial 
morphologies and structures have great difference with each other. And these 
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kind of difference influence the ultimate conditions of the cathodes in spite of 
annealing to the same last temperature-950℃. 
  
 
Figure 17 SEM images of cells with different treatments 
 
We think that when deposited at the room temperature, the polymer PVP has 
no physical and chemistry variation, so the polymer and ceramic granule 
mixture has just emitted on the GDC layer and no displacement happened. On 
the contrary, when deposited at 120℃, the polymer-PVP’s chain structure 
became flexible, and such freedom made the ceramic granule became more 
dispersive and removable. When we deposited at 200℃, the high temperature 
increased the PVP’s fluidity, and in case of the hot plate temperature, the 
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velocity of the PVP’s evaporation increased and these conditions enhanced the 
surface tension effect, resulting in the granules assemble together, forming the 
columnar-shaped structure. 
To improve the importance of the initial deposition temperature further, we 
compared the following cases(figure 18). Although we annealed the samples to 
the same temperature we had deposited, the structures and morphologies had 





    
Figure 18 SEM images of cells with different treatments 
 
Therefore, we can conclude that the variation of morphologies and structures 
in cathode layers caused by initial deposition temperature is very important 




5.2  Stress measurement analysis 
To clarify the internal stress variation trend more objectively, we had 
measured the internal stress variation by 128&900 laser scanner. The principle 
of this device is that deposit the measured materials on the 4-inch wafer and 
annealed to the different temperature, because the wafer has nearly no 
flexibility, when the temperature was ascending, the materials deposited 
became shrunken and the wafer began to bend. With different annealing 
temperature, the degree of the bend was different. So, we can obtain the 
different curvature of the wafer by this device and substitute into the Stoney’s 












Figure 20 Stoney's Equation 
 
However, this kind of measurement has two big uncertainties. One is that we 
deposited the cathode materials on the wafer instead of the commercial fuel cell 
we had utilized above. The difference in the wafer and ceramic materials must 
influence the result. But both of the wafer and sintered commercial cell have 
nearly no bendability, so we think the influence maybe not so much. The second 
uncertainty is that we deposit only the CCCL materials on the wafer in spite of 
the real cell has composite cathode, the exist of the CFL could reduce the 
thermal stress between the electrolyte and CCCL, so what we measured can’t be 
correct. However, we think the magnitude of the curvature may change, but the 




Figure 21 Rough graph depicted the internal stress’s variation trend in the 
cathode layer  
 
Under these premises, we drew the graphs to depict the internal stress 
variation trend. From the graph, when we assumed that the stress in the cathode 
layer at the room temperature is zero, the stress at 120℃ reached for the high 
point of tensile force. And with the temperature ascending, the tensile force 
began to decrease and at 200℃ the force became to be compressive. These kind 
of changes of force in the cathode layer must influence the cracks formation and 
propagation, and really helpful to find the right deposition temperature to make 




Figure 22 The ARES's result of PVP's viscosity variation trend with 
temperature 
 
Before the measurement of the internal stress variation, in order to find out 
the character of the PVP polymer, we utilized the ARES(Advanced Rhemetric 
Expansion System) to measure the PVP’s viscosity variation with the 
temperature. When we got the result from the stress measurement, we found 
the viscosity variation trend was almost consistent with the stress changing, 
and so, we boldly assumed that in PVP assisted ESD process to fabricate the 




Chapter 6. Conclusion 
In summary, in this paper, we fabricated the pretty dense GDC barrier layer 
and porous CFL and CCCL on the commercial cells via ESD process. Using the 
way to adjust the deposition temperature, we effectively solved the cracks 
formation and propagation in the cathode layers. We built a novel parameter 
influencing the fabrication process of a dense thin electrolyte and a crack-free 
porous cathode as membrane components of a SOFC. We confirmed that the 
deposition temperature in the polymer-assisted ESD process was profound. Not 
only changing the structure and surface morphology of the cathode layer, but 
influencing the total performance of a SOFC. The SOFCs’ performance applied 
PVP with deposition temperature 120℃ increased more than 25% than at 
room temperature and 200℃. And both ohmic and polarization loss reduced in 
the crack-free cathode SOFCs.  
In addition, we found the internal stress in the cathode during annealing 
process is almost in accord with PVP’s viscosity variation trend, so boldly 
assumed that paying attention to the polymer’s viscosity variation trend was 
one of the way to distinctly improve a SOFC’s performance via PA-ESD process 
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